The ever-expanding world-wide application of biological nutrient removal (BNR) technology is generating a greater appreciation for the performance of BNR processes under different operating conditions. This paper examines the effects of high process temperature on the biological phosphorus and nitrogen removal mechanisms and the sludge settling properties in BNR activated sludge processes. These effects are illustrated with data from three full-scale BNR facilities in which enhanced biological phosphorus removal (EBPR) failed, but nitrification and denitrification were maintained at mixed liquor temperatures of approximately 30°C.
INTRODUCTION

Effect of Temperature on Reaction Rates
The rates of all biological processes are influenced by temperature (Grady et al., 1999) . At low temperatures, reaction rates increase with temperature until the maximum rate is reached at the so-called "optimum temperature". Thereafter, the rate decreases with further increases in temperature. The variations of rate with temperature for temperatures well below the optimum temperature are normally described by the Arrhenius equation temperatures. There appears to be a "no man's land" between 41 o C and 44 o C. In the mesophilic range, temperature seems to exert little effect on the removal by activated sludge of collectivelymeasured pollutant parameters such as BOD 5 and COD. This was clearly demonstrated by Parks et al. (2000) , who found no significant change in the soluble COD removal efficiency in an activated sludge process treating a warm, high-strength pharmaceutical wastewater at temperatures between 24°C and 44°C ( Figure 1 ).
However, when more specific reactions, such as the removal of individual organic compounds, are measured, distinct temperature effects can be seen. For example, Figure  2 shows that the biological removal rate of polyvinyl alcohol (PVA) in the activated sludge process is very sensitive to temperature variations, becoming extremely low at temperatures below about 12 o C (Schonberger et al., 1987) .
The relative insensitivity of temperature on the removal of collectively-measured pollutant parameters such as BOD 5 and COD is likely due to the fact that there are many groups of heterotrophic organisms in activated sludge, each with its own optimum temperature, that are capable of "BOD 5 " or "COD" removal. Thus, when biodegradation by one group of organisms slows down, there is another group ready to take over. For more specialized substrates there may be only one, or a very limited number, of microorganisms able to carry out the necessary biochemical reactions. In these cases, a more distinct temperature optimum will be observed. This concept is illustrated in Figure  3 for both a single capable organism and several capable organisms.
Biological Phosphorus Removal
The effect of temperature on the EBPR mechanism has been investigated by several research workers, but the emphasis has been on process temperatures below 30 o C. For example, Erdal et al. (2003) investigated the effect of temperatures between 5 and 20°C on EBPR efficiency in two laboratory-scale UCT processes fed with synthetic wastewater. The results showed that, even though the rates of the important biological reactions involved in EBPR decreased with decreasing temperature, the overall EBPR process performed better at the lower temperatures tested. Erdal et al. attributed the improved EBPR performance at the colder temperatures to reduced competition for substrates in the unaerated (anaerobic and anoxic) zones, which resulted in an increased population of phosphate accumulating organisms (POAs). Their experiments showed that the EBPR sludge accumulated high concentrations of both polyhydroxyalkanoate (PHA) and glycogen at 20°C, but more PHA and less glycogen at 5°C.
Investigations into biological phosphorus removal at process temperatures above 30 o C include those of Mamais and Jenkins (1992) , Jones and Stephenson (1996) and Boughton et al. (1971) . In laboratory experiments on municipal wastewater, Mamais and Jenkins (1992) found that, at an MCRT of approximately 2.9 d, the temperature dependency of the EBPR organism growth rate, the anaerobic ortho-P release rate, the anaerobic soluble COD uptake rate, and the aerobic soluble ortho-P uptake rate could be described by an Arrhenius equation for mixed liquor temperatures between 10 o C and 30°C. Within this temperature range, a 10°C increase in temperature resulted in a 1.5 to 1.7 fold increase in the rates. However, at mixed temperatures above 30°C, the rates of the reactions involved in EBPR (anaerobic ortho-P release, soluble COD uptake and aerobic ortho-P uptake) began to decrease. At 37°C, aerobic soluble ortho-P uptake was severely inhibited.
Similar results for the anaerobic ortho-P release rate and the aerobic ortho-P uptake rate were obtained by Jones and Stephenson (1996) in laboratory-scale experiments on synthetic wastewater containing acetate as the carbon source. Their results also suggested that the maximum rates of both anaerobic ortho-P release and aerobic ortho-P uptake are obtained at approximately 30°C. At 42.5°C, a significant decrease in these rates was observed, and at 45°C, the EBPR mechanisms were virtually absent. Boughton et al. (1971) found that the degree of soluble aerobic ortho-P uptake varied over the temperature range from 5 o C to 60 o C, and reached a maximum at approximately 30 o C.
Biological Nitrogen Removal
Nitrification is the 2-step biological oxidation of ammonia nitrogen to nitrate nitrogen by two specific groups of autotrophic bacteria. These two bacterially mediated reactions have different temperature coefficients, or θ values, and are normally described by the following equations:
. (3) and
The equations developed by Stankewich (1972) for the maximum specific growth rate of the microorganisms carrying out these reactions are presented graphically in Figure 4 . For temperatures up to 25 o C, the rate-controlling reaction is the conversion of the ammonium ion to the nitrite ion, so that nitrite does not accumulate in the process. However, at temperatures above 25°C, the rate-controlling reaction becomes the conversion of the nitrite ion to the nitrate ion and it is possible for there to be significant nitrite concentrations in the process and the final effluent. This may result in a number of wastewater treatment plant operating problems, e.g. elevated chlorine consumption in the effluent disinfection system and sludge bulking control operations, rising sludge blankets in the secondary clarifiers, effluent toxicity, etc. Parks et al. (2000) , working with a warm, high-strength pharmaceutical wastewater, showed that ammonia removal by nitrification steadily increased up to temperatures around 40 o C. Thereafter, the ammonia removal efficiency declined rapidly as the temperature increased to the 42 to 44 o C range. These results are presented in Figure 5 .
When considered together, the results of Stankewich (1972) and Parks et al. (2000) suggest that the rate of ammonia removal by nitrification in the activated sludge process steadily increases up to about 40 o C, then declines precipitously at temperatures above 42°C. At temperatures above about 25 o C, nitrate rather than nitrite formation becomes the rate-controlling nitrification reaction, and high nitrite levels can be expected in the process.
A recent BNR application, the Sharon Process (Van Dongen et al., 2001) , takes advantage of the fact that the nitrite production rate is higher than its rate of conversion to nitrate at higher temperatures and relatively low solids retention times (SRTs). In this process, warm in-plant recycle streams from anaerobically-digested sludge operations with high ammonia concentrations (e.g. centrate, belt press filtrate) are treated in an aerated flow-through reactor with a short retention time to produce an effluent containing significant nitrite ion concentrations. The nitrite ion is then denitrified either by adding it to the influent wastewater stream, by adding methanol, or in another novel process, the Anammox Process (Van Dongen et al., 2001 ). This results in the following reaction:
Advantages that accrue to biological nitrogen removal from only partial oxidation of ammonia are lower O 2 consumption, less alkalinity destruction and more efficient use of carbon sources for dentrification.
FULL-SCALE HIGH TEMPERATURE PLANT EXPERIENCE Virginia Initiative WWTP
The 150,000 m 3 /d (40 MGD) Virginia Initiative WWTP (VIP) in Norfolk, VA, provides primary and secondary treatment for the Hampton Roads Sanitation District. The plant has a 3-stage BNR process configuration consisting of an anaerobic zone, an anoxic zone and a single-cell aerobic zone in series. The return activated sludge is recycled to the anoxic zone, where it is denitrified. Denitrified mixed liquor is recycled from the anoxic zone to the anaerobic zone. Effluent from the plant is chlorinated and dechlorinated prior to discharge in the Elizabeth River. Daily effluent phosphorus and nitrogen concentrations, mixed liquor temperatures and SVIs are presented in Figure 6 . The data demonstrates that the EBPR performance is somewhat erratic during the summer months, when mixed liquor temperatures are above 28°C. Starting in June 2002, the plant experienced a long-term failure of the EBPR mechanism, with effluent total P concentrations increasing from their normal level of approximately 0.25 mg/L to between 2 and 4 mg/L for a period of approximately five months. During this time, the process temperature remained above 25°C, and peaked at approximately 32°C. Efficient EBPR was not re-established until December 2002, when mixed liquor temperatures were approximately 20°C. It is interesting to note that the effluent nitrogen concentrations were generally low during the periods of EBPR failure, with only some short term effluent TKN "spikes" observed during these periods. Similarly, the sludge settling properties were consistently good (SVI ≤ 100 mL/g) throughout the period of poor P removal.
Batch anaerobic acetate uptake tests conducted during the period of poor EBPR performance showed that acetate was taken up without a corresponding release of ortho-P, indicating the presence of glycogen accumulating organisms (GAOs) in the system.
Dan Region WWTP
The 340,000 m 3 /d (90 MGD) Dan Region WWTP in Tel Aviv, Israel, serves a population of almost 2 million. The plant is a large, oxidation ditch style 3-stage Bardenpho process followed by twelve 52 m diameter secondary clarifiers. The process solids retention time (SRT) is controlled at approximately 3 days. The power costs for the plant (currently around $US 2.5 M/y) are of major concern to the plant owner, and every effort is made to minimize power consumption by tight control of the aeration system. The number of aerators in service at any time is primarily controlled on the basis of the ammonia concentration in the mixed liquor leaving the bioreactor, for which the set point is 6 to 9 mg N/L. The effluent nitrate concentration is generally between 1 and 2 mg N/L as result of a high degree of simultaneous nitrification and denitrification in the low dissolved oxygen zones in the aeration basin. Plant effluent is polished in rapid infiltration basins and serves as an important source of irrigation water in the arid southern part of the country.
During summer 2003, the plant experienced a severe sludge bulking problem which resulted in secondary clarifier thickening failure, and elevated effluent TSS levels that required the effluent to be discharged to a local river rather than to the effluent reclamation system. Daily data for the effluent phosphorus and nitrogen concentrations, the mixed liquor temperatures and SSVIs are presented in Figure 7 . At the time of the secondary clarifier thickening failure in early September 2003, the SSVI had increased from its normal range of 100 to 120 mL/g to approximately 160 mL/g. A routine microscopic examination of the mixed liquor suggested that the filamentous organism responsible for the sludge bulking was Microthrix parvicella, an organism normally associated with low bioreactor DO concentrations. When increasing the bioreactor DO concentration did not solve the sludge bulking problem but instead caused other operating problems, an independent microscopic examination was carried out. This examination found that the filamentous microorganism type 0914 was responsible for the sludge bulking, and that there were no M. parvicella in the mixed liquor. The M. parvicella reported in the routine microscopic examinations appeared to be the result of a mis-identification of Nostocoida limicola I. Type 0914 filaments are associated with the presence of readily biodegradable carbonaceous substrates (primarily short chain fatty acids such as acetate) in the aerobic zone of the process (Jenkins et al., 2003) . The sludge bulking was eventually controlled by chlorinating the return activated sludge at a dosage rate of between 2 and 6 kg Cl/t MLSS/d for approximately 1 week.
Examination of the plant records revealed that a gradual failure of EBPR at a process temperature of approximately 30°C preceded the sludge bulking event, and was the probable root cause of the problem. It is proposed that in the absence of a significant amount of denitrification in the anaerobic and aerobic zones of the process, there was nothing to take up short chain fatty acids in the anaerobic zone when the EBPR mechanism failed. Under these conditions, a high percentage of the short chain fatty acids present in the incoming wastewater and generated in the anaerobic zone passed through into the aerobic zone, where they promoted the proliferation of type 0914 filaments.
Compared to the Virginia Initiative WWTP, the EBPR mechanism appeared to recover relatively quickly. The overall nitrogen removal efficiency of the plant did not change significantly during the period of EBPR failure, but some changes occurred in the effluent nitrogen species distribution. The effluent ammonia nitrogen concentration decreased during the period of increased aeration, and some short term effluent nitrite "spikes" were observed during this period on high-flow days. These spikes were likely the result of a combination of high flows and the high process temperature, when nitrite oxidation becomes the rate-controlling reaction in nitrification.
Las Vegas WWTP
The 345 ML/d (91 MGD) City of Las Vegas Wastewater Treatment Plant is an advanced treatment plant that discharges into the Las Vegas Wash, which ultimately flows into Lake Mead and the Colorado River. To protect beneficial uses of the lake and the receiving water, the plant is required to meet effluent total phosphorus and ammonia nitrogen limits of 0.17 mg P/L and 0.48 mg N/L (0.56 mg N/L in winter), respectively, at the design flow.
The new BNR facility consists of four parallel 28 ML/d (7.5 MGD) trains. Since May 2003, the process has been operated at a 30 MGD flow in an A 2 O process configuration consisting of three anaerobic cells, three anoxic cells, and a complete mixed aerobic zone in series. The aerobic zone is designed as a racetrack with mixers moving the mixed liquor around the basin. Low doses of ferric chloride (<15 mg FeCl 3 /L) can be added to the primary clarifiers, usually for odour control. Daily mixed liquor temperatures, and effluent phosphorus and nitrogen concentrations are presented in Figure 8 . The plant has consistently met its effluent total P limit of 0.17 mg/L with the exception of a short period during Summer 2003 when the mixed liquor temperature increased above 30°C, and the effluent total P concentration increased to above 3.0 mg/L. The BEPR mechanism appeared to recover within a short period of time even though the mixed liquor temperature remained at approximately 29°C. The BNR module has consistently produced an effluent ammonia concentration of less than 0.5 mg N/L, and an effluent total oxidized nitrogen (TON) concentration of between 6 and 12 mg N/L. While routine sludge settling tests are not routinely carried out, the plant operators describe the sludge settling properties as "excellent".
DISCUSSION
The data presented in this paper for three large warm weather BNR plants confirm laboratory-scale findings that BNR processes experience either partial or complete EBPR failure when the mixed liquor temperature rises above 30°C. It is hypothesized that at these high mixed liquor temperatures, the PAOs experience washout conditions as a result of reduced growth rates. At this point, the PAOs are unable to compete effectively in the anaerobic zone with the GAOs for the available soluble COD. For this reason, BNR plants can fail to remove P effectively at process temperatures of approximately 30°C.
In two of the full-scale plants, EBPR was re-established soon after failure, but in the third (Virginia Initiative WWTP), low effluent total P concentrations were not re-established until after several months of operation when mixed liquor temperatures returned to approximately 20°C. The initial washout conditions suggest a direct temperature effect on the growth rate, while the slow and gradual re-establishment of EBPR suggests a shifting population as the result of competition rather than a direct temperature effect.
If the anaerobic zone of the process is being relied upon to provide soluble COD removal for sludge bulking control (i.e. it is functioning as an anaerobic selector), the loss of EBPR can also be accompanied by a significant decrease in the sludge setttlability when the readily biodegradable COD, normally taken up by the PAOs in the anaerobic zone, passes through to the aerobic zone. This phenomenon occurred at the Dan Region WWTP, where a partial failure of the EBPR mechanism was followed by a severe sludge bulking problem as a result of the proliferation of type 0914 filamentous organisms.
None of the three warm weather BNR plants experienced nitrification failures at mixed liquor temperatures of approximately 30°C. This is consistent with the findings of Parks et al. (2000) , who found that ammonia removal by nitrification steadily increased up to a temperature of approximately 40 o C, then declined rapidly as the temperature increased to the 42 to 44 o C range. However, at mixed liquor temperatures in the region of 30°C, nitrite accumulation may become problematic, particularly under high-flow conditions. This observation is consistent with the findings of Stankewich (1972) , who found that nitrite oxidation to nitrate became the rate-controlling nitrification reaction at process temperatures above 25°C.
CONCLUSIONS
Evaluation of operating data from three full-scale warm-weather BNR plants and laboratory-scale research has led to the following conclusions:
• Process temperatures of up to approximately 35 o C do not appear to cause decreased removal efficiency for the collectively-measured parameters commonly used for assessing biological wastewater treatment performance, i.e. BOD 5 , COD and TSS. Process temperatures of higher than approximately 30 o C seem to exert a significant effect on some of the reaction rates involved in the biological phosphorus and nitrogen removal mechanisms of BNR processes.
• At temperatures of above approximately 30 o C, the rates of anaerobic ortho-P release, soluble COD uptake, and aerobic ortho-P uptake decrease, thereby decreasing the rate of EBPR.
• Decreases in the anaerobic soluble COD uptake rate can lead to failure of the EBPR mechanism because other microorganisms that do not accumulate poly-P (e.g. GAOs) become successful anaerobic zone competitors for the available soluble COD. As a result, EBPR processes can fail to remove P at process temperatures of higher than approximately 30°C.
• If the anaerobic zone of the process is being relied upon to provide the soluble COD removal for sludge bulking control (i.e. it is functioning as an anaerobic selector), the loss of EBPR may be accompanied by a decrease in sludge setttlability. In the three plants discussed in this paper, sludge bulking accompanied EBPR failure in the plant with a small uncompartmentalized anaerobic zone and with no formal anoxic zone. In this case, the filamentous microorganism responsible for the sludge bulking was identified as type 0914, which is associated with the presence of short chain volatile fatty acids in the aerobic zone. In the two plants where EBPR failure was not accompanied by sludge bulking, both the anaerobic and the anoxic zones were compartmentalized and more adequately sized.
• Nitrification does not fail at process temperatures of between 30 and 35 o C. However, at temperatures in this region, nitrite can become a major product of nitrification because the rate of conversion of ammonia to nitrite becomes higher than the rate of conversion of nitrite to nitrate. (Schonberger et. al., 1987) . 
